A study of the oxide layers formed in 360°C and 316°C water on Zircaloy-4 samples has been performed in an attempt to help answer fundamental questions about oxide protectiveness, growth mechanisms, and the nature of oxide growth during autoclave corrosion. Two different oxide thicknesses -12 and 39.5 lm -were investigated. Microbeam synchrotron radiation diffraction and fluorescence techniques with an X-ray beam size of 0.2 lm were used to characterize oxide in cross sections to determine the oxide phase content, grain size, texture, and orientation relationships as a function of through-thickness from the oxide-metal interface.
Introduction
Waterside corrosion of zirconium alloys in pressurized water reactor (PWR) primary system water has the potential to become a life-limiting degradation mechanism as the nuclear industry subjects fuel rods to increasingly higher burnup in an effort to increase cycle length and improve capacity factor. Modern zirconium alloys such as ZIRLO™ and M5™ show improved corrosion performance compared to previous generation alloys such as Zircaloy-4; however, the underlying reasons for this improved performance are poorly understood. To better predict long-term corrosion behavior, it is important that the mechanisms for the degradation of the fuel cladding are fully understood as the materials are progressively pushed to more severe duty conditions.
The oxide layer formed on zirconium alloys during waterside corrosion is understood to have a protective nature that varies periodically during corrosion as a result of cyclic transitions in the oxidation kinetics. While the influence of the transition on the formation of new oxide is not well understood, it is clear that a brief loss of protectiveness in the oxide layer occurs at transition.
Many studies have been undertaken in an attempt to explain the oxide transition mechanism, the results of which can be summarized into two main explanations. The ''mechanical failure'' hypothesis explains the transition as the result of lateral cracking at the oxide-metal interface, which originates from the stresses generated during oxide growth and allows diffusing species easy access to the metal substrate [1] [2] [3] [4] [5] . Lateral cracks in the oxide are frequently observed in scanning and transmission electron microscopy. However, it is not clear how lateral cracks at the http://dx.doi.org/10.1016/j.jnucmat.2015.04.006 0022-3115/Ó 2015 Elsevier B.V. All rights reserved.
interface can accelerate oxidation without paths from the environment, through the cracks, to the oxide-metal interface. A second explanation, called the ''formation of interconnected porosity'' hypothesis, postulates that the buildup of stresses leads to the formation of micro cracks and micro pores throughout the oxide [6] [7] [8] [9] [10] [11] . When these micro pores and cracks connect, they provide a pathway for the diffusing species to easily migrate through the oxide to the oxide-metal interface. It is still unknown how the micro pores and micro cracks are generated and how they connect in a concerted manner to cause the clear transition in corrosion kinetics apparent in weight-gain versus time corrosion curves.
Previous studies [12] [13] [14] [15] have provided an experimental basis for a third mechanism that attempts to bridge the gap between the mechanical failure and interconnected porosity mechanisms. The mechanism is described in detail in [13] and is summarized in the following paragraph.
At the start of oxidation, small oxide grains nucleate at the metal surface. This initial layer is comprised of both monoclinic and tetragonal phases, with a relatively large proportion of tetragonal grains that have been stabilized by a combination of high stresses and oxide sub-stoichiometry. A fraction of the newly formed tetragonal grains will be properly oriented for growth, and as such will self-select to grow. As the tetragonal oxide grains grow they become columnar, and after reaching a critical column length will transform into the monoclinic phase while maintaining the same orientation. Improperly oriented tetragonal or monoclinic grains will remain as small grains embedded in the oxide. The columnar monoclinic grains will proceed to grow into the metal. During the growth process, small mismatches in the orientation of the column with the preferred orientation and surrounding grains causes stress to accumulate locally. As they grow the columns become progressively more misaligned, and, at an aspect ratio of roughly 4-5, the stress has built up to a level that grain renucleation is energetically favorable for continued grain growth. At this point re-nucleation of a new grain along the leading growth edge occurs. When re-nucleation occurs, the newly created grains are small, equiaxed, and have a higher percentage of the tetragonal phase. The re-nucleated grains can then grow and form a new column of monoclinic oxide if properly oriented, or remain embedded in the oxide. On the scale of the entire oxide thickness, a buildup of bulk stresses will eventually cause the oxide to crack and undergo a global transition (as measured on a global scale using the weight gain). The cracking occurs laterally, as observed by many authors, and as expected from the development of in-plane stresses during oxide growth. Such lateral cracks may then cause transition by causing the interconnection of pre-existing porosity and allowing water to access the interface. This global transition causes a large scale re-nucleation of oxide grains through a similar mechanism as described above for the initial corrosion cycle. At this point the entire process restarts, and the first step is repeated.
In this work, the structure of the oxide as a function of distance from the oxide-metal interface was studied using micro-beam synchrotron radiation. These studies were performed on oxides grown on Zircaloy-4 in pure water. The objective of this study is to compare and relate the structure of the oxide to currently proposed transition mechanisms in order to further the fundamental understanding of the oxide transition mechanism and its influencing factors.
Experimental methods

Alloys and samples examined
Coupons of Zircaloy-4 were corroded in water at 360°C and 316°C in autoclaves. The coupons were cut from alpha-annealed cold-worked and stress-relieved plates, and had alloying element and impurity compositions meeting ASTM B-350 requirements [16, 17] . Typical specimen dimensions were 25 mm Â 25 mm Â $1 mm and prior to corrosion were pickled using a solution of 39 vol.% HNO 3 plus 3.5 vol.% HF with the remainder water [17] .
Two Zircaloy-4 specimens designated L1581 and N2511 were corroded at 680°F (360°C) for 1260 days and 600°F (316°C) for 3113 days, respectively, as shown in Table 1 . The total time at temperature for L1581 resulted in a final measured weight gain of 570 mg/dm 2 and a corresponding average oxide thickness of 39.5 lm [16] . The final measured weight gain of sample N2511
was 177 mg/dm 2 which corresponded to an average oxide thickness of 12.0 lm. Corrosion kinetics curves for L1581 and N2511
are shown in Fig. 1 . Oxide transitions can be identified by a sharp change in the slope of the weight gain curve. A total of three kinetic transitions are visible in the L1581 weight gain curve, followed by a linear corrosion regime with no discernible periodic transitions. Sample N2511 shows five transitions in its weight gain curve, with a possible sixth (at $3100 days) visible as well. The features of the oxide layers were examined in cross-section using scanning electron microscopy (SEM) in secondary electron mode. The preparation techniques will be described in a later section. The oxide and its features are clearly visible in the SEM, with the primary contrast mechanism being the difference in average atomic weight between ZrO 2 and zirconium. Fig. 2 presents SEM images of the oxide layers from L1581 and N2511 taken using secondary electrons at an accelerating voltage of 5 kV.
The oxide layers that grow on Zircaloy-4 exhibit several distinct characteristics observable in the SEM that can be compared between samples corroded at different temperatures. Periodic cracking is visible in both oxide layers. Each layer of cracking roughly corresponds to one oxide transition layer, with the number of crack layers roughly equal to the number of oxide transitions, although the transitions may not be readily visible through weight gain data due to the periodic cycles of cracking becoming out of phase with one another past the first several cycles. The oxidemetal interface is wavy, with periodic regions of thicker and f N refers to the normal Kearns Factor, which is the resolved fraction of basal poles aligned in the normal direction. thinner oxide. This characteristic is seen in nearly all autoclavegrown oxides on zirconium alloys and is an indication that the oxide growth into the metal is uneven in the lateral direction. Veins of unbroken oxide are visible in the thick oxide grown on L1581. The veins are paths of unbroken oxide propagating vertically through the oxide thickness that contain no visible cracks. The veins are observed to take a tortuous route through the oxide thickness from the surface, and terminate at the points of minimum thickness in the wavelike shape of the oxide-metal interface.
Synchrotron sample preparation
Oxidized samples were mounted in cross-section and polished to a mirror finish for examination with synchrotron radiation. The sample preparation techniques used were similar to those described in [12] [13] [14] [15] 18] and are briefly summarized here. First, corrosion coupons were cut using a diamond saw to obtain small rectangular strips roughly 2 mm wide and 10 mm long. The strips were then mechanically thinned, which sacrifices the oxide layer on one side, to facilitate insertion into a slotted molybdenum rod, which was subsequently inserted into a 3 mm diameter brass tube. The entire assembly was secured together using Epo-Tek Ò 353ND epoxy. The molybdenum rod helps to maintain the mechanical stability of the sample during polishing and to reduce the volume fraction of epoxy used. After the epoxy was heat-cured using a hot plate, the assembled rods were sliced into discs roughly 3 mm thick using a low-speed diamond saw.
The cross-sectional discs were then polished using progressively finer grit silicon carbide paper and adhesive polishing discs, beginning with 180 grit and finishing at 1200 grit. A final polish was accomplished using 1-lm diamond paste followed by a 0.05-lm colloidal silica solution.
Synchrotron radiation diffraction experiments
Beamline 2-ID-D at the Advanced Photon Source (APS) at Argonne National Laboratory (ANL) was used to conduct a high resolution sub-micron X-ray study of these oxide layers. The X-rays are initially produced by the deceleration of synchrotron-accelerated electrons using an undulator. Once emitted from the undulator, the X-rays travel through various plates that define the beam energy and focus. This allows the X-ray energy (or wavelength) to be varied between 5 and 32 keV, and can result in a final focused beam spot size of 0.2 lm Â 0.2 lm. The high brilliance/intensity of the beam at the APS ensures that there is sufficient signal reaching the detectors even after focusing the beam down to this size.
In addition to its high spatial resolution, another major advantage of beamline 2-ID-D is the ability to simultaneously capture elemental and crystallographic data through X-ray fluorescence and diffraction. Fluorescence data is collected by defining energy regions of interest (ROI) corresponding to the K or L lines of a specific element of interest, then recording counts from each ROI using a solid state detector when the sample fluoresces under the incident synchrotron X-rays. These were defined for Zr and Sn L lines, as well as Fe, Cr, and Ni Ka lines. Simultaneously, diffraction data are collected using a 2-D CCD detector positioned at a fixed twotheta angle from the incident beam, which allows the peaks of interest to be recorded in the CCD camera.
The experiment was performed by raster scanning the beam in steps through the thickness of the oxide layer (referred to as a 'scan'). This process allowed elemental and microstructural information to be obtained as a function of position in the oxide layer. Due to the angle of incidence of the beam on the sample (approximately 14°), the 0.2 Â 0.2 lm focused beam spot was distorted to roughly 0.2 Â 1 lm, with the long axis aligned parallel to the oxide-metal interface. The step size used was 0.2 lm. The energy of the X-ray beam was 17.79 keV, corresponding to a wavelength of 0.6969 Å. The scanning process and the types of data collected are illustrated schematically in Fig. 3 .
Elemental fluorescence information was used primarily to determine the location of the X-ray beam spot during the experiment, but was also useful for identifying and confirming characteristics such as the oxide layer thickness, oxide-metal interface location, and second-phase precipitate location. Additionally, any significant element redistribution caused by the corrosion process could be qualitatively studied using this technique. Fig. 4 shows an example plot of zirconium, tin, iron, and chrome fluorescence counts from sample L1581, which confirms the oxide thickness of approximately 40 lm calculated from the weight gain, and shows the location of the oxide-metal interface through a sharp increase in Zr counts. The presence and location of iron-chrome second phase precipitates can be identified by localized (1 lm or less) simultaneous spikes in the iron and chrome fluorescence counts. While the precipitate diameter is on the order of the beam size, the beam has a certain interaction volume with the sample that causes the precipitates to appear larger. The tin is seen to remain in solid solution in both the metal and oxide with a small but discernible drop in signal within the oxide layer.
To quantify the diffraction information it was necessary to perform an integration of the diffracted intensities recorded on each 2-D diffraction pattern. The integration process is illustrated schematically on the right side of Fig. 3 . Each diffraction pattern is integrated around the circumference of the partial diffraction ring (spanning a Chi angle of roughly 35°) to create a plot of diffracted intensity versus two-theta angle. The integration area is set as a wedge-shape that maintains a constant chi-angle with increasing two-theta such that each diffraction ring is integrated over an equal fraction of the overall circumference. After integration the values obtained for each two-theta angle are corrected for Lorenz polarization before they are analyzed as described in [18] .
After each diffraction pattern was integrated, the peaks present in the diffracted intensity curves (also referred to as intensity vs. two-theta curves, see Fig. 3 ) were deconvoluted and indexed in order to identify the phase composition of the oxide layer.
Peak deconvolution was accomplished using a Systat Software Inc. program called PeakFit [19] . This program allows the user to reproduce an experimental diffracted intensity curve by inserting peaks where necessary and modifying the shape, size, location, and number of peaks to fit the experimental spectrum as closely as possible.
The fitting process for each experimental curve encompassed two basic steps, background removal and curve fitting. The background was removed using a largely visual estimate along with the PeakFit background removal tool, which used a best fit model (meaning whichever model fit best, exponential, quadratic, logarithmic, etc.) to determine the overall shape of the background curve.
Following the initial fit an iterative process was used to modify the peaks by comparing them to powder diffraction files (PDF).
Peaks from a number of different phases were possible, including hcp Zr (pdf# 05-0665), monoclinic ZrO 2 (pdf# 37-1484), tetragonal ZrO 2 (pdf# 42-1164), and Zr delta hydride (pdf# 34-0649) as well as Zr 3 O suboxide (pdf# 22-1025) in the two-theta range studied. A Pearson VII peak shape was used, with R 2 values for the overall fit typically above 99% and no systematic errors in the peak residuals. Table 2 contains a summary of the lattice parameters of the expected crystalline phases in Zircaloy-4 metal and oxide.
Results and discussion
Microdiffraction phase analysis
The peak center locations observed during the fitting process enabled the primary phases present in the oxide layer to be identified as monoclinic and tetragonal ZrO 2 . To ensure that each diffraction peak was associated with the appropriate phase, the observed experimental peak location was compared to the ideal peak location calculated in the PDF. Studies of this type have previously examined oxides grown on similar alloys under different corrosion conditions. Results in this section are presented as an investigation of samples specific to this study which are compared and validated against previous work.
An example of the comparison of the experimental and PDF two-theta peak locations is shown in Table 3 . The data is taken from two representative locations in sample L1581, one in the bulk oxide 12 lm from the oxide-metal interface and the second in the metal 1.4 lm ahead of the oxide-metal interface. In this instance the difference in peak center two-theta between the observed and indexed peaks is well below 1 percent, with the exception of the (1 0 1) tetragonal ZrO 2 peak, which was found systematically at a higher two-theta value than the PDF value. However, a systematic shift of the (1 0 1) T peak such as seen here has been observed in previous studies [18, 20] . The level of agreement between experimental and PDF peak center locations shown in Table 3 was observed throughout the oxide layers studied. This level of Water/Oxide Oxide/Metal Fig. 4 . X-ray fluorescence scan of Zr and alloying elements in Zircaloy-4 sample L1581, exposed to 360°C water for 1260 days. The intensity value is a product of the fluorescence line examined. (The Fe intensity is higher than the Zr intensity because the Fe was measured using a K-line, compared to the Zr L-line). agreement was considered acceptable and indicative of proper identification of the diffraction peaks. Fig. 5 shows the diffracted intensity versus two-theta plotted in both a 3-D surface format and as a contour plot for a full scan of the beam across the oxide layer and into the metal in sample N2511. A number of oxide and metal peaks can be identified which correspond to the monoclinic and tetragonal phases, as well as the hexagonal close-packed (HCP) Zr metal. Peaks associated with the monoclinic ZrO 2 phase are the primary peaks visible within the oxide layer, with only one tetragonal ZrO 2 peak (the (1 0 1) T ) clearly visible. A second tetragonal peak (the (0 0 2) T ) was identified in the diffraction patterns but is not easily visible in this figure. The metal shows two major peaks corresponding to the HCP structure. A third metal peak, the (0 0 0 2) Zr , is present only at low levels because of the prevailing texture. It should be noted that the small spot size of the X-ray beam (0.2 lm) compared to the grain size of the Zircaloy substrate ($20 lm) means that the diffraction data obtained from the metal likely comes from a single grain. A delta-ZrH 2 hydride peak can also be seen alongside the metal peaks in certain locations (since the hydrides are thin platelets in crosssection they are not expected to appear continuously). The phases observed are consistent with those seen in previous studies of Zr alloy oxides [12, 16] .
A marked periodic variation in intensity can be observed in several of the oxide peaks throughout the oxide thickness. The periodic variations correspond approximately to the distance between oxide transitions. The distance between the periods in Fig. 5 is 1.9 lm on average, which is in good agreement of the transition thickness of Zircaloy-4 (1.8 lm) observed in previous studies [13, 15, 16] .
Qualitative observations on the oxide and metal texture can be made by noting the relative intensity of the diffraction peaks. The oxide shows strong (1 1 1) M and (À1 1 1) M peaks and a number of less intense monoclinic peaks. The (1 1 1) M and (À1 1 1) M peaks are expected to show the largest intensity since the texture of the oxide multiplies their diffracted intensity over more strongly aligned but less numerous planes such as the {2 0 0} family of planes. Notably missing is the (2 0 0) M peak, while the (0 2 0) M and (0 0 2) M peaks show strong intensities. The observed peaks are consistent with the (2 0 0) M planes being roughly parallel to the plane of the oxide-metal interface, as observed in previous studies [21] . Based on our experimental geometry, the oxide grains developed with their (2 0 0) M planes nearly parallel to the global oxide-metal interface. In the metal three strong peaks can be seen, two from HCP Zr and one from delta-hydride. The (0 0 0 2) HCP basal plane peak is barely visible when present at all. This observation is consistent with the sample having the rolling direction aligned with the cross-sectional sample surface normal direction: as based on the texture of rolled sheet Zircaloy-4 the basal poles can be expected to be primarily oriented in the normal-transverse plane.
Another notable feature is the consistency in the diffracted intensity of the oxide peaks between transitions. Each peak appears to return to roughly the same level of intensity after each transition, which suggests that the oxide develops with an identical structure and texture through every transition, and that a repetitive mechanism is operative during oxide formation.
The peak intensities shown in Fig. 5 do not represent a single angle, but are rather an average over the integrated range. This results in some loss of orientation information, and makes it difficult to determine the exact alignment of a given plane. However, the data presented here shows general agreement with the expected texture of Zircaloy-4 oxide and metal.
The X-ray diffracted intensity versus two-theta angle for a full oxide scan is shown for sample L1581 in Fig. 6 . Similar observations can be made of the oxide and metal peaks as those seen in Fig. 5 ; however the details are less evident due to the much larger thickness of oxide. Monoclinic and tetragonal oxide peaks are visible alongside Zr metal and hydride peaks. Periodic intensity variations of the oxide peaks in Fig. 6 are not as visible to the same degree as in Fig. 5 , even though three clear oxide transitions are seen in the corrosion kinetics for L1581 shown in Fig. 1 . As will be shown later, a similar region of periodicity is found between 30 and 40 lm from the oxide-metal interface. This suggests that for thicker oxides, the regions of cyclic oxide cracks may only last for 10-20 lm before the cycles become disrupted. This is consistent with the cross-sectional oxide images shown in Fig. 2 . Fig. 7 presents the variation in diffracted intensity for several of the primary monoclinic peaks as a function of position in the oxide layer with the intensity plotted as the integrated area under the Table 2 Lattice parameters of the crystalline phases expected to be observed in Zircaloy-4 metal and oxide layers. a Note that this diffraction card describes the monoclinic phase such that the (2 0 0) plane has the lowest two-theta value of the {2 0 0} family, which is reversed from some older card files. diffraction peak. A number of observations can be made about the oxides grown on samples N2511 and L1581 using the curves presented in Fig. 7 . Fig. 7 (A) corresponds to data from sample N2511 and Fig. 7 (B) to data from sample L1581. Note that the focused 0.2 lm X-ray beam experiences a small spreading effect due to its incident angle on the sample surface, and has an interaction volume internal to the sample. This is the cause of the non-zero intensities for the oxide peaks beyond the oxide-water and oxide-metal interfaces. In Fig. 7(A) , the monoclinic and tetragonal ZrO 2 peaks show strong periodic intensity variation throughout the oxide thickness.
The peak-to-peak distance can be measured at 1.9 lm, which as mentioned earlier corresponds well to the measured Zircaloy-4 oxide transition thickness. It should be noted that multiple scans across N2511 were made, and that the scan shown in Fig. 7(A) exhibited the clearest periodicity through the entire oxide thickness.
The diffraction peaks in Fig. 7 (A) appear to show a relationship with each other; the intensities of many of the peaks are aligned and periodically go up and down at the same time. This could indicate that periodic variations in diffracted intensity are not a result of changes in the oxide phase content, but are rather a result of cracking, porosity, or some other physical variation that periodically reduces the overall diffracted intensity. Previous findings [13] showed that intensity variations between the (0 2 0) M and (1 0 1) T displayed the opposite behavior. Some peaks were observed to show less clear periodic variation, as the (À1 1 1) M peak illustrates. Furthermore, the (0 1 2) M appears misaligned with the rest of the monoclinic peaks, suggesting that a difference in oxide texture rather than a physical feature (such as a crack) is causing the change in diffracted intensity.
Periodic intensity variations can be seen again in Fig. 7 (B) for sample L1581. However, significantly less clear periodicity is visible compared to that seen in Fig. 7(A) for N2511. The periodicity of the (0 1 1) M peak is the most well defined, but is only evident in the outermost 6-8 lm of oxide formed (the initial oxide layer), which agrees well with the three transitions visible in the corrosion kinetics for L1581 shown in Fig. 2 . The loss of periodicity could be attributed to the transition from subparabolic to linear corrosion kinetics, or is more likely due to the path of the X-ray beam across the oxide. As shown in Fig. 2 , it is difficult to find a path through the oxide that will trace over a region of oxide cracks for more than 10 lm or so at a time.
While not shown in Fig. 7 , analysis showed the (2 0 0) M peak intensity to be very low or non-existent in both N2511 and . Surface and contour maps of the diffracted X-ray intensity versus degrees two-theta angle scans from the oxide-water interface into the metal substrate showing the diffraction peaks originating from the Zircaloy-4 oxide layer and base metal in sample N2511 (corroded for 3113 days at 316°C). The subscripts 'M' and 'T' stand for monoclinic and tetragonal oxide peaks, 'HCP' for zirconium metal peaks, and 'ZrH 2 ' for hydride peaks.
L1581. The (0 2 0) M and (0 0 2) M peaks were clearly visible. We can arrive at a similar conclusion as previously stated that the oxide grains grow in an orientation such that their (2 0 0) M plane is more-or-less aligned parallel to the oxide-metal interface. Previous studies have shown that oxides grown on other Zr alloys maintain a similar grain orientation [13] .
In addition to the (1 0 1) T peak, a second tetragonal peak identified as the (0 0 2) T peak was also observed in both N2511 and L1581 throughout the oxide thickness. This peak had previously been observed near the oxide-metal interface in Zircaloy-4, ZIRLO Ò , and model Zr alloys [15] , and was postulated as an indicator for a precursor phase of monoclinic ZrO 2 . However, the (0 0 2) T peak intensity did not show any periodic trends or relationships with other peaks and was seen throughout the thickness of the oxide in this study. This observation does not support the idea that the (0 0 2) T peak indicates a monoclinic precursor phase. The (0 0 2) T peak did not show an increase in intensity near the oxide-metal interface as observed for the (1 0 1) T peak.
Tetragonal fraction
The relationship between the tetragonal and monoclinic ZrO 2 phases can be quantified by calculating the tetragonal fraction f T using the well-known Garvie-Nicholson formula, as shown below in Eq. (3.1) [22] . (1 1 1) and (À1 1 1) monoclinic peaks, respectively. Note that the tetragonal fraction as presented in Eq. (3.1) is uncorrected for the monoclinic and tetragonal oxide textures. The standard Garvie-Nicholson formula is strictly valid only for powders or other random texture materials. In principle, peak intensities should be corrected for oxide texture to be quantitatively correct, which requires a pole figure for each sample. Given a pole figure, intensity correction factors can be calculated for each peak intensity based on individualized texture. Texture correction factors were calculated by Yilmazbayhan et al. in [12] for zirconium alloys, where a more detailed explanation of the texture correction process can also be found. It was found that the texture correction reduces the overall tetragonal fraction but does not drastically change the shape or trends of the curve. Fig. 8 presents the uncorrected tetragonal fraction as calculated for N2511 and L1581. The maximum values of f T are approximately 15% in N2511 and 9% in L1581. The peak f T occurs at the oxidemetal interface in both samples, and steadily decreases over a distance of 2-3 lm to a stable average value in the bulk oxide in agreement with previous results [12] . The average bulk oxide tetragonal fraction is 5-6% in N2511 and roughly 3% in L1581. In Fig. 8(A) , the shape of the tetragonal fraction curve follows that of the three Garvie-Nicholson peak intensity curves, since all of the peaks are periodic and aligned with each other, but vary in their individual intensities.
The calculated tetragonal fraction in both samples agrees well with the results found in previous studies [12, 20] of Zircaloy-4, which found that the uncorrected tetragonal fraction was systematically highest at the oxide-metal interface with a value of 10-15%, decreasing to less than 10% at distances >3 lm from the oxide-metal interface.
Observations of the spatially resolved monoclinic and tetragonal phase diffracted intensity and the tetragonal fraction support the hypothesis that the oxide forms in discrete layers by periodically nucleating new grains followed by a period of grain growth. The periodic variations in the diffracted intensity suggests a cyclic growth mechanism and the high tetragonal fraction at the oxidemetal interface suggests that tetragonal grains are nucleated at the interface before transforming into monoclinic grains during continued growth.
Grain size
In addition to peak area, Full Width Half Maximum (FWHM) information was extracted from the fitted peak summaries. The peak FWHM can be used to determine grain size (in the direction normal to the diffracting plane) as long as the size is less than $100 nm, although strain within the grain can also cause peak broadening. Note that for this application the term 'grain size' actually refers to the dimension perpendicular to the sample surface which for the columnar grains is the grain column diameter, since the diffracting planes measured span the oxide column width rather than the length. Application of the FWHM to calculate grain size has been accomplished by previous studies, but this work includes observations of the strain near the oxide-metal interface to support conclusions on oxide growth mechanisms. Fig. 9 shows the FWHM for several of the main monoclinic and tetragonal peaks as a function of position in the oxide layer, with error bars representing the average standard deviation for the monoclinic and tetragonal phases. The average bulk oxide FWHM for the monoclinic peaks is approximately 0.2 degrees two-theta, while the average for the (1 0 1) T is approximately 0.38 degrees two-theta. The FWHM for the tetragonal phase is expected to be larger than that for the monoclinic phase because of the much smaller tetragonal grain size [14] .
The monoclinic peaks appear to maintain a relatively constant FWHM through the thickness of the bulk oxide in both samples. However, a broadening of the monoclinic FWHM can be seen starting at a distance of 2-3 lm from the oxide-metal interface and reaching a maximum at the interface. Most notable is the increase in the (0 2 0) M peak which shows the highest FWHM of the monoclinic peaks, while the (0 1 1) M shows the lowest. The tetragonal FWHM appears to be relatively constant in L1581 (see Fig. 9B ), but shows a decrease that mirrors the monoclinic (0 2 0) FWHM increase near the oxide-metal interface.
Both the monoclinic and tetragonal phases show a change in their peak FWHM near the oxide-metal interface; the monoclinic FWHM becomes larger and the tetragonal FWHM becomes smaller. This is because near the interface both monoclinic and tetragonal phase grains are growing. As they develop, the monoclinic grains increase in size and the larger tetragonal grains transform into the monoclinic phase. As the large tetragonal grains transform and leave only the smaller (possibly stress-stabilized) tetragonal grains behind, the tetragonal FWHM increases as the average tetragonal grain size decreases. The opposite is true for the monoclinic phase; the FWHM becomes smaller as the monoclinic grains grow.
The FWHM was used to calculate the oxide grain size through the Debye-Scherrer equation. The grain size 'D' is given by the equation as:
where
i Þ 1=2 is the grain size broadening for a given peak, B is the measured peak FWHM in radians, B i is the instrumental broadening measured using a standard, h is the diffraction angle (half the measured 2h), and k is the wavelength of the incident radiation (0.6969 Å in this instance). The instrumental broadening was not measured specifically for this experiment, but a value of 0.051 degrees two-theta found during previous work using the same instrument and determined using a NIST 660a LaB 6 powder standard [12] . The Debye-Scherrer formula is valid for sizes up to 100 nm, and is ideally applied towards randomly oriented spherical or equiaxed grains. The geometric condition is not met by the majority of the oxide grains; most of the oxide grains are long and columnar, with a minority of the monoclinic grains and most of the tetragonal grains being small and equiaxed [14] . Given the geometry of the experimental setup, the diffracted beams were primarily from planes oriented perpendicular to the long axis of the columnar grains. Therefore, as stated above, for the monoclinic phase the 'grain size' is representative of the column width rather than of the overall grain size. For tetragonal grains, both the size and the equiaxed assumption can be considered valid. Table 4 shows the average grain size in the bulk oxide calculated using the Debye-Scherrer formula for several of the main monoclinic peaks and the (1 0 1) tetragonal peak in the bulk oxide. The average monoclinic grain size calculated using the monoclinic peaks shown is 18.6 nm for N2511 and 22.7 nm for L1581. The average tetragonal grain size was found to be approximately 9.4 nm in both samples. These average grain sizes are consistent with those found for Zircaloy-4 monoclinic and tetragonal phases in similar X-ray diffraction studies as well as with TEM observations [12, 15] .
There is a notable spread in the apparent grain size indicated by the monoclinic peaks examined in both samples. In general it seems the (0 2 0) M indicates the smallest associated grain size and the (0 1 1) M the largest, with a difference between the two of 4-5 nm. This is consistent with our FWHM results that show a similar spread. Because the (0 2 0) M is aligned with the walls of the columnar oxide grain its diffraction domain is likely smaller than the other plans inclined to it.
A significant difference was observed between the calculated monoclinic grain size between N2511 and L1581. The monoclinic grain sizes in L1581 are consistently larger than those in N2511, with a difference of 4-5 nm or 15-25% depending on the plane used to make the calculation. Since both samples studied are Zircaloy-4 of similar composition and fabrication, the most likely reason for the difference in grain size is the corrosion conditions. Sample N2511 was corroded at 316°C for 3113 days, while L1581 was corroded at 360°C for 1260 days. The higher temperature may have caused L1581 to develop larger oxide grains while the lower temperature and much longer exposure time could have allowed a finer oxide structure to develop on N2511. Interestingly, the tetragonal grain size is similar in both samples at roughly 9.4 nm, perhaps indicating that the tetragonal grains are stabilized only to a certain maximum size at which point they cease to grow or transform into the monoclinic phase [15] .
Peak broadening near the oxide-metal interface can be attributed to two main causes: strain broadening and grain size [23] . Strain causes the diffraction peaks to broaden due to diffraction from non-uniformly distributed strained planes of a slightly different d-spacing from the unstrained planes [23] . Smaller oxide grains result in a greater amount of incoherent X-ray scattering than larger grains, which also causes the diffraction peaks to broaden [23] . In this work a Williamson-Hall analysis [24] was used to separate the effects of size and strain broadening on the FWHM.
Size broadening and strain broadening can be expressed according to the following proportions: where FWHM sample is the grain size broadening for a given peak (expressed in the same way as for the Debye-Scherrer calculation), h is the Bragg angle (in radians), e lattice is the lattice strain, k is the X-ray beam wavelength (in nm), and D is the grain size (in nm).
The method by which a Williamson-Hall plot is used to separate size from strain broadening is shown in Fig. 10 , where (FWHM sample Â cos h) is plotted against (sin h) for several monoclinic peaks. In such a plot the slope of the plotted curve is proportional to the strain broadening and the y-intercept is proportional to the size broadening. A perfectly horizontal line indicates only size broadening, a sloped line with a zero y-intercept indicates pure strain broadening, and a combination of the two indicates the presence of both effects. Both elastic and plastic strains may play a role in peak broadening.
The components of size and strain broadening can be calculated as indicated in Fig. 10 . The strain component can be obtained from the slope of the line (Ce), where C is a constant and e is the strain.
The size component is obtained from the y-intercept value, Kk/D, where K is the Scherrer constant (usually assumed as K = 0.9), k is the X-ray wavelength, and D is the grain size. Table 4 Average bulk oxide grain size calculated using the Debye-Scherrer formula using several of the main monoclinic and tetragonal ZrO 2 diffraction peak widths. 11 shows a Williamson-Hall plot for samples N2511 and L1581 constructed using data from the major monoclinic oxide peaks at various two-theta values. Data taken from three distinct locations in the oxide are shown; one at the oxide-metal interface, another within one transition distance into the oxide (less than 1.8 lm past the oxide-metal interface), and the last within the bulk oxide beyond one transition distance.
In both samples, the slope of the trend lines taken from each location in the oxide remains constant, to a first approximation. It should be noted that small changes in the FWHM, within the error bars as seen in Fig. 9 , could cause the calculated slopes to vary. Although not every point has been examined, WilliamsonHall plots taken from various other locations were found to closely resemble the representative curves depicted in Fig. 11 (the bulk oxide data trends are shown as a solid line). A stress (and therefore elastic strain) gradient in the protective part of the oxide has been seen by others [3, 25, 26] ; however a few factors could impede this observation. First, the stress present at high temperature is modified during cooling due to differential and anisotropic thermal expansion coefficients between the metal and oxide. Second, the planes studied are parallel to the sample free surface, so that the signal comes from planes that are partially relaxed. Thus any conclusions relating to stress accumulations should be taken with caution.
The y-intercept of the fitted lines increases with proximity to the oxide-metal interface, which indicates that the grains are smaller near the oxide-metal interface and suggests that size broadening is the main contributor to the change in peak FWHM near the oxide-metal interface. The monoclinic diffraction peaks are broadest at the oxide-metal interface and become narrower with increasing distance from the interface. From this, we can infer that the monoclinic grains are smallest at the oxide-metal interface, their size increasing with residence time in the oxide until reaching a maximum some distance from the interface. This result agrees with current understanding of oxide growth wherein small grains are nucleated at the oxide-metal interface and the most favorably oriented grains subsequently grow [13] . The increase in the tetragonal phase FWHM with distance from the oxide-metal interface seen in Fig. 9(A) indicates that the tetragonal grains are largest at the oxide-metal interface and decrease to a minimum stable size in the bulk oxide or alternatively transform into the monoclinic phase which decreases the average grain size. Also, high stress and small grain size help to stabilize the otherwise unstable tetragonal phase [27] [28] [29] . Stabilization of larger grains close to the oxide-metal interface could be achieved through stresses at the oxide-metal interface.
The grain size was calculated for each oxide location noted in Fig. 11 using the size component of the Williamson-Hall plot given as (Kk/D) in Fig. 10 . This method of calculation automatically excludes the effects of strain broadening. By setting the y-intercept of the fit line equal to (Kk/D) the grain size 'D' can be found. Table 5 shows the grain sizes calculated for grains at the oxide-metal interface and in the bulk oxide. The grain sizes shown are applicable to the monoclinic phase only. Additionally, given that the monoclinic grains are not equiaxed but are columnar with the major axis close to the [2 0 0] direction [14] , and the observed peaks originate from planes parallel to the columnar grain sides, the grain size found using this technique represents the width of the columns.
The monoclinic grain size (columnar grain width) was found to be smaller at the oxide-metal interface than in the bulk oxide. oxide-metal interface grain sizes of roughly 48 nm and 28 nm were calculated for N2511 and L1581 respectively. The bulk oxide grain size values of 56.7 nm for N2511 and 41.6 nm for L1581 are larger than those found using the Debye-Scherrer formula but still generally agree with previous TEM and microbeam diffraction studies [13] [14] [15] .
Unlike the Williamson-Hall method, the Debye-Scherrer method does not take into account the effect of strain on peak broadening. Since the entire peak broadening is assumed to be a result of size broadening in the Debye-Scherrer method, it can lead to the calculation of a smaller grain size than is actually present if any amount of strain broadening is also present. Our WilliamsonHall results show that some amount of strain broadening is present in the monoclinic peaks, and as such it may be necessary to adjust the grain size calculated using the Debye-Scherrer formula. While the shortcomings of the Debye-Scherrer method are recognized, we have used data from the present study to perform DebyeScherrer based grain size calculations for direct comparison with previous work.
Grain size calculations support the hypothesis that after each transition, tetragonal grains nucleate at the oxide-metal interface and then grow to form a new layer of oxide. The monoclinic phase grains were found to be smallest at the oxide-metal interface, supporting the idea that newly formed tetragonal grains may transform into small monoclinic grains, which then grow further with residence time in the oxide. Williamson-Hall analyses indicate that the effects of diffraction peak broadening originate from grain growth.
Conclusions
A detailed study of oxide layers grown on Zircaloy-4 at two different temperatures was performed using synchrotron X-ray diffraction at the Advanced Photon Source at Argonne National Laboratory. The oxide layers were characterized in cross-section using X-ray microdiffraction to determine the oxide microstructure as a function of position in the oxide (phase content, tetragonal fraction, grain size, and orientation relationships). The objective of this study was to discern structural characteristics of the oxide and relate them to oxide growth mechanisms in long exposure oxides. The main conclusions of this study are:
1. Well defined periodic variations in the diffracted intensity of oxide phases as a function of distance from the oxide-metal interface were observed. The average distance between the periods was measured to be 1.9 lm, which corresponds well with the previously observed oxide transition thickness for Zircaloy-4 in 360°C water. 2. The oxide layers studied were composed of a mixture of monoclinic and tetragonal ZrO 2 . Strong periodic relationships were observed between a number of primary monoclinic and tetragonal oxide diffraction peaks. 3. Intensity from the (2 0 0) M diffraction peak was not observed while the (0 2 0) M and (0 0 2) M were clearly visible. This is consistent with oxide growth occurring with the (2 0 0) M plane of the columnar monoclinic grains aligned parallel to the oxidemetal interface as previously observed. 4. The tetragonal oxide fraction as determined by the GarvieNicholson formula was highest at the oxide-metal interface and decreased over a range of approximately 3 lm to a stable value in the bulk oxide. The maximum values found at the interface were 15% and 9% for two Zircaloy-4 samples, with respective bulk oxide values of 5% and 3%. 5. The monoclinic oxide diffraction peaks were observed to broaden within 2-3 lm of the oxide-metal interface to a maximum at the interface. The peak broadening was separated using a Williamson-Hall analysis where it was determined that size broadening due to a smaller grain size at the interface was the dominant cause of the broadening. 6. The monoclinic oxide grain size was calculated using the size broadening component of a Williamson-Hall separation of the size and strain broadening. Grain sizes (diameter) of 28 and 48 nm at the oxide-metal interface and 41 and 56 nm in the bulk oxide were calculated using this technique. 7. The grain size (diameter) of the monoclinic and tetragonal oxide was also found using the Debye-Scherrer equation.
The average monoclinic oxide grain size was found to be 15-20 nm, and the tetragonal somewhat smaller at 9 nm. Similarly to the Williamson-Hall calculation the monoclinic grain size was observed to be smallest at the oxide-metal interface, growing over a range of 2-3 lm to a stable bulk oxide value. The tetragonal grain size was constant throughout the oxide thickness. Note that the calculation of grain size using the Debye-Scherrer method is less reliable than the Williamson-Hall method, which separates grain size broadening from other effects such as strain. Thus the Debye-Scherrer results are provided in this paper only for comparison with previous results. 8. A difference in monoclinic oxide grain size of 4-5 nm was observed in oxides grown at two different temperatures. The oxide grown at a higher temperature over a shorter period of time had a larger monoclinic grain size than oxide corroded at a lower temperature for a longer period of time, indicating that corrosion temperature has an influence on the oxide grain size.
